Krüppel homolog 1, an early juvenile hormone-response gene downstream of Methoprene-tolerant, mediates its anti-metamorphic action in the red flour beetle Tribolium castaneum  by Minakuchi, Chieka et al.
Developmental Biology 325 (2009) 341–350
Contents lists available at ScienceDirect
Developmental Biology
j ourna l homepage: www.e lsev ie r.com/deve lopmenta lb io logyKrüppel homolog 1, an early juvenile hormone-response gene downstream of
Methoprene-tolerant, mediates its anti-metamorphic action in the red ﬂour beetle
Tribolium castaneum
Chieka Minakuchi 1, Toshiki Namiki, Tetsuro Shinoda ⁎
National Institute of Agrobiological Sciences, 1-2 Ohwashi, Tsukuba 305-8634, Japan⁎ Corresponding author. Fax: +81 29 838 6075.
E-mail address: shinoda@affrc.go.jp (T. Shinoda).
1 Present address: Graduate School of Bio-Agricultur
Nagoya 464-8601, Japan.
0012-1606/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.ydbio.2008.10.016a b s t r a c ta r t i c l e i n f oArticle history: Juvenile hormone (JH) preve
Received for publication 27 August 2008
Revised 2 October 2008
Accepted 6 October 2008
Available online 25 October 2008
Keywords:
Juvenile hormone
Ecdysteroids
Insect metamorphosis
Tribolium castaneum
Krüppel homolog 1
Methoprene-tolerant
Broad
RNAints ecdysone-induced metamorphosis in insects. However, our knowledge of the
molecular mechanisms of JH action is still fragmented. Krüppel homolog 1 (Kr-h1) is a JH-inducible
transcription factor in Drosophila melanogaster (Minakuchi, C., Zhou, X., Riddiford, L.M., 2008b. Krüppel
homolog 1 (Kr-h1) mediates juvenile hormone action during metamorphosis of Drosophila melanogaster.
Mech. Dev. 125, 91–105). Analysis of expression of the homologous gene (TcKr-h1) in the beetle Tribolium
castaneum showed that its transcript was continuously present in the larval stage but absent in the pupal
stage. Artiﬁcial suppression of JH biosynthesis in the larval stage caused a precocious larval–pupal transition
and a down-regulation of TcKr-h1 mRNA. RNAi-mediated knockdown of TcKr-h1 in the larval stage induced a
precocious larval–pupal transition. In the early pupal stage, treatment with an exogenous JH mimic (JHM)
caused formation of a second pupa, and a rapid and large induction of TcKr-h1 transcription. JHM-induced
formation of a second pupa was counteracted by the knockdown of TcKr-h1. RNAi experiments in
combination with JHM treatment demonstrated that in the larval stage TcKr-h1 works downstream of the
putative JH receptor Methoprene-tolerant (TcMet), and in the pupal stage it works downstream of TcMet and
upstream of the pupal speciﬁer broad (Tcbr). Therefore, TcKr-h1 is an early JH-response gene that mediates JH
action linking TcMet and Tcbr.
© 2008 Elsevier Inc. All rights reserved.Introduction
Post-embryonic development of insects is regulated essentially by
two hormones, ecdysone (used as a general term here; see Riddiford
et al., 2001) and juvenile hormone (JH). Through the penultimate
larval instar of holometabolous insects, JH is secreted continuously
from the corpora allata (CA), and ecdysone causes larval–larval molts
repeatedly in the presence of endogenous JH (Riddiford, 1994). After
the CA cease to produce JH in the ﬁnal larval instar, ecdysone causes
the larval–pupal and pupal–adult molts, namely metamorphosis
(Riddiford, 1994). Thus, JH has an anti-metamorphic function that
modiﬁes the nature of the ecdysone-induced molts (Riddiford, 1994).
The molecular mode of action of ecdysone has been elucidated in
detail in the last two decades, mainly by the use of molecular
genetics in the fruit ﬂy Drosophila melanogaster (Andres and
Thummel, 1992). In contrast, the obscurity of the anti-metamorphic
action of JH in D. melanogaster has long hampered the molecular
dissection of JH action: the identity of JH receptor is still contro-al Sciences, Nagoya University,
l rights reserved.versial, and only a few genes mediating JH signals have been
identiﬁed in D. melanogaster (Berger and Dubrovsky, 2005; Riddiford,
2008).
Progress in this research ﬁeld has recently been achieved by the
use of the red ﬂour beetle, Tribolium castaneum, for which the
genome sequence is now available (Richards et al., 2008) and knock-
down of a gene of interest by injecting dsRNA in post-embryonic
development is very effective (Tomoyasu and Denell, 2004). In
addition, unlike D. melanogaster, JH exhibits a prominent anti-
metamorphic action in this species.
The function of two genes associated with JH action that were
originally identiﬁed in D. melanogaster has recently been elucidated in
T. castaneum. One is Methoprene-tolerant (Met), a transcription factor
of the basic Helix–Loop–Helix (bHLH)-Per-Arnt-Sim (PAS) family,
originally identiﬁed in mutant ﬂies resistant to a JH mimic (JHM),
methoprene (Wilson and Fabian, 1986; Ashok et al., 1998). Drosophila
Met protein binds to JH-III with high afﬁnity (Miura et al., 2005). In T.
castaneum, the knockdown of Met causes a precocious larval–pupal
transition, and suppresses responsiveness to exogenous JHM (Kono-
pova and Jindra, 2007; Parthasarathy et al., 2008b). Taken together,
Met is the best candidate for a JH receptor at present. The other
gene is broad (br), one of the early ecdysone-response genes (DiBello
et al., 1991; Bayer et al.,1996), thatworks as a key speciﬁer of the pupal
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by JH (Zhou et al., 1998b; Zhou and Riddiford, 2002). In T. castaneum,
br is essential for promoting pupal development (Konopova and
Jindra, 2008; Parthasarathy et al., 2008a; Suzuki et al., 2008), and is
inducible by exogenous JHM in the pupal stage (Konopova and Jindra,
2008).
Recently, Minakuchi et al. discovered that the expression of a
transcription factor Krüppel homolog 1 (Kr-h1) is inducible by exoge-
nous JHM in the pupal–adult transition of D. melanogaster (Minakuchi
et al., 2008b). The Kr-h1 gene in D. melanogaster (DmKr-h1) was
originally identiﬁed as one of the genes homologous to a segmentation
gene Krüppelwith homology in the zinc (Zn)-ﬁnger motifs and amino-
acid spacers connecting Zn-ﬁnger motifs (Schuh et al., 1986). DmKr-h1
consists of at least twomajor isoforms (α andβ):DmKr-h1α is likely to
mediate ecdysone signaling in larval–pupal metamorphosis (Pecasse
et al., 2000; Beckstead et al., 2005), while DmKr-h1 β isoform is
expressed in large amounts mainly in neuronal cells in the embryonic
stage (Beck et al., 2004). Importantly, ectopic expression ofDmKr-h1 in
abdominal epidermis during adult development resulted inmissing or
short bristles in the dorsal midline, and caused prolonged expression
of br gene (Minakuchi et al., 2008b). Since loss of abdominal bristles
and prolonged expression of br were also observed after JHM
treatment at the onset of adult development (Zhou and Riddiford,
2002),DmKr-h1was suggested to be amediator of JH signals in second
pupal development upstreamof br (Minakuchi et al., 2008b). However,
the function of Kr-h1 in JH signaling in the larval stage and the
interaction of Kr-h1 with other mediators of JH signals remain to be
solved.
We have isolated a homolog of the Kr-h1 gene from T. castaneum,
and analyzed its function by a series of RNAi experiments and JHM
treatment. We report that both in the larval and pupal stages, Kr-h1
works as an early JH-response gene downstream of a putative JH
receptor Met, and mediates the anti-metamorphic action of JH.
Materials and methods
Beetles
The wild-type strain of T. castaneum was raised in whole wheat
ﬂour at 30 °C, and was staged as described previously (Minakuchi
et al., 2008a). Since T. castaneum larvae do not develop synchro-
nously but pupate either at the seventh or eighth larval instar, the
instar in which they pupate was distinguished by measuring the
head capsule widths of early sixth and seventh instar larvae
(Minakuchi et al., 2008a). For the developmental proﬁle using
quantitative RT-PCR, sixth instar larvae with head capsules wider
than 570 μm were considered as penultimate instar larvae, and
seventh instar larvae with head capsules wider than 690 μm were
considered as ﬁnal instar larvae.
cDNA cloning
Tblastn searches were performed using the beetle genome
database (http://beetlebase.org/) with the sequence ofD. melanogaster
Kr-h1 protein (GenBank accession no. CAA06543), and a homologous
sequence contig was identiﬁed. cDNA of TcKr-h1 was ampliﬁed by
RT-PCR with TcKr-h1-F and TcKr-h1-R primers. 5′-RACE and 3′-RACE
were performed with TcKr-h1-5R and TcKr-h1-3R primers respec-
tively, according to the instruction of the SMART RACE cDNA ampli-
ﬁcation kit (Clontech). Tblastn searches were performed using the
beetle genome database with the sequence of Bombyx mori Broad
protein (GenBank accession nos. BAD23979, BAD46740 and
BAF02266), and a part of the Z3 isoform of br (Tcbr-Z3) was ampliﬁed
with Tcbr-F and Tcbr-R primers. Tblastn searches were performed
using the beetle genome database with the sequence of D. melano-
gaster Met protein (GenBank accession no. AAC14350), and cDNA ofTcMet was cloned by RT-PCR followed by 5′-RACE with TcMet-5R
primer, and 3′-RACE with TcMet-3R primer. The PCR products were
subcloned into pGEM-T vector (Promega). The DNA sequence data of
TcKr-h1, TcMet and Tcbr have been deposited in the GenBank
(GenBank accession nos. AB360764 for TcKr-h1, AB360765 for
TcMet and AB370885 for Tcbr). The cDNA cloning of TcRp49 and JH
acid O-methyltransferase of T. castaneum (TcJHAMT) was reported
previously (Minakuchi et al., 2008a).
A fragment containing the open reading frame (ORF) of TcMet
was ampliﬁed with TcMet-ORF5 and TcMet-ORF3 primers, and sub-
cloned into pDONR221 (Invitrogen) vector, while a fragment con-
taining the ORF of TcKr-h1 was ampliﬁed with TcKr-h1-ORF5 and
TcKr-h1-ORF3 primers, and subcloned into pGEM-T vector. These
recombinant vectors were used for dsRNA synthesis and as a stan-
dard plasmid in quantitative RT-PCR. Primer sequences are listed in
Table S1.
Quantitative RT-PCR analysis
Total RNA was isolated from the whole body of T. castaneum with
an RNeasy Plus Mini Kit (QIAGEN). cDNAs were synthesized with an
oligo(dT)18 primer and M-MLV reverse transcriptase (Clontech).
Transcript levels of Tcbr, TcKr-h1 and TcMet were determined on a
real-time thermal cycler (LightCycler 2.0, Roche Diagnostics), accord-
ing to a reported method (Minakuchi et al., 2008a). For standards,
serial dilutions of a plasmid containing a fragment of each gene were
used. TcRp49 was used as a reference gene. Primers for TcMet were
designed for the common region of TcMet isoforms (see Results for
details), and primers for Tcbr were designed for the putative core
region of Tcbr isoforms. To quantify the TcKr-h1 transcript after injec-
ting TcKr-h1_2 dsRNA, TcKr-h1-QF2 and TcKr-h1-QR2 primers that
had been designed for the 5′ upstream region of TcKr-h1_2 dsRNA
were used. In all other cases, TcKr-h1-QF1 and TcKr-h1-QR1 primers
were used to quantify the TcKr-h1 transcript. Primers used for quan-
tiﬁcation are listed in Table S1.
RNAi experiments
Template DNA fragments for the synthesis of dsRNA were prepared
by PCR as follows. A fragment containing a 444-bp gene-speciﬁc region
(positions 987–1430 in the full-length TcKr-h1 cDNA sequence) with T7
promoter sequences on both ends was ampliﬁed with TcKr-h1_5′_T7_1
and TcKr-h1_3′_T7_1 primers for the synthesis of TcKr-h1_1 dsRNA. A
fragment containing a 446-bp gene-speciﬁc region (positions 139–584
in the full-length TcKr-h1 cDNA) was ampliﬁed with TcKr-h1_5′_T7_2
and TcKr-h1_3′_T7_2 primers for the synthesis of TcKr-h1_2 dsRNA.
The template for TcMet dsRNA (504 bp) synthesis was ampliﬁed with
TcMet_5′_T7 and TcMet_3′_T7 primers and a plasmid containing the
full ORF of TcMet. The template for Tcbr dsRNA (532 bp) for the core
region was ampliﬁed with Tcbr_5′_T7 and Tcbr_3′_T7 primers and a
plasmid containing part of Tcbr-Z3. The template for EGFP dsRNA
(720 bp) was prepared with EGFP-F-T7 and EGFP-R-T7 primers and a
plasmid containing the EGFP sequence (pEGFP, Clontech), and the
template for TcJHAMT dsRNA (359 bp) was prepared using
TcJHAMT_5′_T7 and TcJHAMT_3′_T7 primers, as described previously
(Minakuchi et al., 2008a). dsRNA was synthesized using a T7 RiboMAX
Express RNAi System (Promega). In vitro transcription was carried out
at 37 °C for 1 h with T7 RNA polymerase, so that both strands would
be synthesized simultaneously. The reaction mixture was treated with
DNase I, annealed and puriﬁed by ethanol precipitation as described
previously (Minakuchi et al., 2008a). The primer sequences are listed
in Table S1.
For the knockdown of TcKr-h1, TcJHAMT or TcMet in the larval
stage, fourth instar larvae within 24 h after ecdysis were anesthe-
tized with ether for 3 min, and aligned on double stick tape.
Approximately 30–40 nl of 5 μg/μl dsRNA was injected into the
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injection, animals were raised individually in 24-well microtiter
plates with whole wheat ﬂour at 30 °C. For knockdown of TcKr-h1,
TcMet or Tcbr in the pupal stage, prepupae showing larval ocellar
retraction were anesthetized with ether for 3 min, and were
injected with approximately 150 nl of 5 μg/μl dsRNA. The animals
were put in 24-well microtiter plates; methoprene solution was
applied within 12 h after pupation (see below). Tcbr dsRNA-injected
animals that pupated within 20 h after injection were used for
further analysis since earlier knockdown of Tcbr was detrimental for
normal pupation. In RNAi experiments, EGFP dsRNA was injected as
a control.
Hormonal treatments
Methoprene (SDS-Biotech) was dissolved in methanol to 0.31 μg/μl
(1 mM), and this stock solution was diluted to 0.19 μg/μl with acetone.
For testing whether precocious pupation caused by knockdown of
TcKr-h1 or TcJHAMT could be prevented by exogenous JHM, larvae
that received dsRNA on Day 0 of the fourth larval instar (Day 0_4th)
were anesthetized with ether for 2.5–3 min at 3 days after dsRNA
injection, aligned on double stick tape, and approximately 130 nl of
the 0.19 μg/μl methoprene solution (approximately 25 ng metho-
prene) was applied topically on the dorsum as described previously
(Minakuchi et al., 2008a).
For examination of the effect of exogenous JHM on pupal–adult
molt, newly molted pupae were collected every 2 h, aligned on
double stick tape, and 0.2 μl of test compound solution was topically
applied to the dorsum using a 10-μl Hamilton microsyringe with a
dispenser (PB600-1, Hamilton). For determination of the temporal
expression proﬁle from 20 min to 96 h after JHM treatment, hormone
was topically applied to newly molted pupae within 30 min after
pupation. Test compounds used in this study were 5.0 to 500 ng/μl
methoprene (Earth Biochemical), 5.0 μg/μl JH-III (93% purity, Sigma-
Aldrich), and 4.5 μg/μl trans–trans farnesol (Sigma-Aldrich), diluted in
acetone.
Prepupae whose larval ocelli had started to retract were injected
with dsRNA, then 0.2 μl of methoprene solution containing 1 to
100 ng of methoprene was topically applied within 12 h after pupa-
tion. For examination of the transcript level by quantitative RT-PCR,
prepupae were injected with dsRNA, 10 ng methoprene was applied
within 2 h after pupation, and total RNAwas extracted at 48 h later. In
hormonal treatment experiments, the same volume of solvent was
applied as a control.Fig. 1. Schematic representation of the genomic structures of TcKr-h1 and TcMet. (A) Geno
shadowed. (B) Genomic structure of the TcMet gene. Nucleotide sequences of TcMet-A cDNA
genomic sequence to predict the exon/intron structure. Putative exons are shown as boxes.Tissue culture
The dorsal abdominal integuments (cuticle, epidermis andmuscle;
mostly cleaned of fat body) of pupae within 3 h after pupation were
dissected in phosphate-buffered saline. Integuments from six pupae
were incubated in Grace's medium (Gibco) containing 1 μM 20-
hydroxyecdysone (20E, Sigma), 1 μM methoprene (SDS-Biotech), or
both 20E and methoprene for 1 h at 25 °C. After incubation, the
integuments were homogenized for RNA isolation.
Scanning electron microscopy
Prepupae that arrested due to TcKr-h1 RNAi were carefully taken
out of the larval cuticle with forceps, dehydrated with a series of
graded ethanol solutions (80%, 90%, 95% and 100%) for 15 min in each
solution, soaked in tert-butanol and freeze-dried. Specimens were
coated with gold and observed using a JSM-6301F scanning electron
microscope (JEOL).
Results
cDNA cloning and developmental expression proﬁles
A Tblastn search using the beetle genome database with Kr-h1
sequence of D. melanogaster (DmKr-h1) revealed the presence of an
ortholog (TcKr-h1) in T. castaneum. Comparison of the genomic contig
(contig name: AAJJ01000038) with the cDNA (2001 bp) isolated by
RT-PCR and RACE showed that TcKr-h1 gene consists of three exons
(Fig. 1A). The TcKr-h1 cDNA encodes a predicted protein containing
468 amino acid residues. Its amino acid identity to DmKr-h1α
(Pecasse et al., 2000) and Kr-h1 of the honey bee Apis mellifera
(AmKr-h1) (Grozinger et al., 2003) was 30% and 53%, respectively.
Among 8 putative zinc (Zn) ﬁngers, Zn2 to Zn8 were highly conserved
among these three proteins (Fig. S1).
A 1841-bp cDNA encoding TcMetwas isolated by RT-PCR and RACE.
Its nucleotide sequence in the 5′ region is different from the cDNA
sequence reported by Konopova and Jindra (2007): comparison with
the genomic contig revealed that the TcMet cDNA isolated by Kono-
pova and Jindra (GenBank accession no. NM_001099342; named as
TcMet-A) has two unique exons 1 and 2 in the 5′ region, while the
cDNA that we isolated (GenBank accession no. AB360765; named as
TcMet-B) has a unique exon 3, followed by seven exons that are
common between these two isoforms (Fig. 1B). These two TcMet
isoforms are apparently derived from different promoters or alter-mic structure of the TcKr-h1 gene. Putative exons are shown as boxes and the ORF is
(Konopova and Jindra, 2007) and TcMet-B cDNA (this study) were compared with the
Fig. 2. Developmental expression proﬁles of TcKr-h1, TcMet and Tcbr. Transcript levels of TcKr-h1 (A, B), TcMet (C, D) and Tcbr (E, F) were analyzed by quantitative RT-PCR. Numbers on
the abscissa indicate the age (in days) of each stage. Several animals were combined for RNA isolation from the embryonic stage to the third larval instars, while RNA was isolated
from individuals for the sixth and seventh larval instars (3 larvae for each time point), pupal and adult stages (3 males and 3 females for each time point). Means and standard
deviations are shown for the sixth and seventh larval instars, pupal and adult stages. (A, B) The TcKr-h1 transcript level of the ﬁrst instar larvae was set as 100. (C, D) The TcMet
transcript level in 0 h to 24 h-old pupae was set as 100. (E, F) The Tcbr transcript level at 108–120 h in the seventh instar was set as 100.
Fig. 3. Transcript levels of TcKr-h1 in JH-deﬁcient larvae. Approximately 30–40 nl of
dsRNA (5 μg/μl) of EGFP or TcJHAMT was injected on Day 0_4th, and the TcKr-h1
transcript was quantiﬁed afterwards. Means and standard deviations are shown (N=4).
The TcKr-h1 transcript level of the ﬁrst instar larvae (Fig. 2A) was set as 100. (A) TcKr-h1
levels on Day 0_5th and Day 0_6th. (B) TcKr-h1 levels on Day 2_6th in the animals that
received TcJHAMT dsRNA on Day 0_4th and were subsequently treated with JHM (25 ng
of methoprene) or solvent on Day 0_6th.
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isoform-speciﬁc sequence in the N-terminus (25 aa and 34 aa, respec-
tively) followed by a 491-aa common region. The cloned Tcbr cDNA
(1292 bp) encodes a part of Tcbr-Z3, and its nucleotide sequence was
99.5% identical to Tcbr-Z3 which was reported previously (GenBank
accession nos. NM_001111264 and EU200756) (Konopova and Jindra,
2008; Parthasarathy et al., 2008a).
Quantitative RT-PCR analysis showed that the TcKr-h1 transcript
was present continuously in the embryonic and larval stages (Figs. 2A,
B). It declined by Day 1 of the seventh (ﬁnal) larval instar (Day 1_7th),
remained low until Day 3_7th, and showed a peak in the prepupal
stage. It was undetectable through the pupal stage, and reappeared in
adults by Day 7. The TcMet transcript was detected continuously in all
stages (Figs. 2C, D). The ﬂuctuation of TcMet mRNA in the ﬁnal larval
instar was not so drastic as observed by Parthasarathy et al. (2008b),
while the expression proﬁle in the pupal stagewas consistent with the
reports by Konopova and Jindra (2007) and Parthasarathy et al.
(2008b). The level of the Tcbr transcript was low from the embryonic
stage to Day 2_7th, peaked in the prepupal stage, declined to a low
level by Day 1_pupa, and remained so afterwards (Figs. 2E, F). This
proﬁle was basically consistent with the observations by other groups
(Konopova and Jindra, 2008; Parthasarathy et al., 2008a; Suzuki et al.,
2008), although we have not examined the expression proﬁle of each
Tcbr isoform.
TcKr-h1 expression is regulated by endogenous JH in larvae
The developmental proﬁle of the JH titer in T. castaneum has not
yet beenmeasured, but could be estimated from the expression proﬁleof JH acid O-methyltransferase (TcJHAMT) (Minakuchi et al., 2008a), a
rate-limiting enzyme in JH biosynthesis (Shinoda and Itoyama, 2003;
Kinjoh et al., 2007; Niwa et al., 2008). The expression proﬁle of TcKr-h1
(Figs. 2A, B) correlated well with that of TcJHAMT (Minakuchi et al.,
2008a), suggesting that the amount of the TcKr-h1 transcript is
dependent on the JH level. To test this hypothesis, the TcKr-h1 trans-
cript was quantiﬁed in the larvae in which JH biosynthesis was
suppressed by injection of TcJHAMT dsRNA. In the larvae injected with
TcJHAMT dsRNA, the level of TcKr-h1 transcript signiﬁcantly decreased
in comparison with the controls injected with EGFP dsRNA (Fig. 3A).
Topical application of methoprene, a JHM, on Day 0_6th to the larvae
that received TcJHAMT dsRNA prevented precocious metamorphosis
Table 1
Phenotype of T. castaneum injected with dsRNA in the larval stage, and treated with methoprene
a Numbers of larvae and the instar are indicated. The animals that underwent precocious metamorphosis are shaded.
b dsRNA was injected on Day 0_4th, and approximately 130 nl of 0.19 μg/μl methoprene solution (approximately 25 ng methoprene) or the same volume of the solvent was
applied topically on the dorsum 3 days later.
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within 48 h compared with controls treated with solvent (Fig. 3B).
RNAi-mediated knockdown of TcKr-h1 causes a precocious larval–pupal
transition
The function of TcKr-h1 in the larval stage has been examined by
RNAi experiments. Two different dsRNAs, TcKr-h1_1 and TcKr-h1_2,
were used tominimize the probability of off-target effects. The control
animals injected with EGFP dsRNA (N=59) pupated either in the
seventh (N=44) or eighth (N=15) larval instar, whereas most animals
injected with TcKr-h1_1 dsRNA (N=36) initiated precocious metamor-
phosis in the ﬁfth (N=21) or sixth (N=13) larval instar (Table 1). The
majority of the animals injected with TcKr-h1_2 dsRNA (N=68) also
initiated precociousmetamorphosis in the ﬁfth (N=47), sixth (N=9) or
even fourth (N=2) instar (Table 1, see the row of “No treatment”),
suggesting that this phenotype was not due to an off-target effect.
Most animals that received TcKr-h1 dsRNA arrested either before or
during the precocious pupal ecdysis (88/104, Table 1 and Figs. 4D, E).
The animals that arrested due to TcKr-h1 RNAi showed the retraction
of larval ocellar pigment and the differentiation of compound eyes
underneath the larval cuticle (Figs. 4B–E), as well as pupal character-
istics such as gin traps and everted wings (Figs. 4F, G). A few animals
(4/104, Table 1) that received TcKr-h1 dsRNAs became miniature
pupae (Fig. 4 H, right). Some larvae in the 5th or 6th instar molted into
prothetelic larvae with pupal-like antennae (Figs. 4I, I′), but ﬁnally
died within a couple of days.
We then examined if this precocious metamorphosis caused by
TcKr-h1 RNAi can be prevented by methoprene treatment. Eighty
percent of the animals (16/20) treated with 25 ng of methoprene still
initiated metamorphosis precociously, which was similar to the
animals treated with solvent (21/22, Table 1). The same dose of
methoprene prevented precocious metamorphosis caused by sup-
pression of JH biosynthesis with TcJHAMT RNAi (Minakuchi et al.,
2008a). Thus, exogenous JHM was unable to rescue the animals from
precocious pupation caused by TcKr-h1 RNAi.
TcKr-h1 works downstream of TcMet in JH signaling during the
larval stage
TcMet genehas been reported tomediate JH signaling in T. castaneum
larvae, and RNAi-mediated knockdown of TcMet in larvae caused
precocious pupation (Konopova and Jindra, 2007). The relationship
between TcKr-h1 and TcMet in the larval stage was investigated
by a series of RNAi experiments and quantitative RT-PCR. Most of
the animals (46/56) injected with TcMet dsRNA on Day 0_4th
initiated metamorphosis precociously in the ﬁfth or sixth larval
instar, and the majority (44/46) arrested before or during pupal
ecdysis (Table 1), which is quite consistent with the observation
by Konopova and Jindra (2007). Quantitative RT-PCR showed that
the TcMet transcript was signiﬁcantly down-regulated in theanimals injected with TcMet dsRNA but not with TcKr-h1 dsRNA,
compared with the controls injected with EGFP dsRNA (Fig. 5A),
whereas the TcKr-h1 transcript was signiﬁcantly suppressed in the
animals injected with dsRNA of either TcMet or TcKr-h1 (Fig. 5B),
suggesting that TcKr-h1 works downstream of TcMet in the larval
stage.
Exogenous JHM rapidly up-regulates the TcKr-h1 transcript in the early
pupal stage
The effects of topical application of JH or related compounds in the
pupal stagewere examined. As listed in Table 2, treatment with 100 ng
of methoprene just after pupation resulted in arrest at ecdysis to a
second pupal stage (30/51) or pupal arrest (21/51). This compound at
10 ng dose also induced the second pupal stage, while 1 ng caused
arrest with a mosaic of pupal and adult characteristics. All animals
(N=34) that received 1 μg of JH-III arrested either before or during
eclosion with a mosaic of pupal-like and adult-like cuticle, and some
pupal characters such as second gin traps. Treatment with 0.9 μg of
farnesol, one of the intermediates in JH biosynthesis, had no visible
effect on adult development and eclosion (N=35).
Quantitative RT-PCR analysis showed that the TcKr-h1 transcript is
normally undetectable in newly molted pupae (Fig. 6A). No induction
of TcKr-h1 transcript was observed in the controls treated with solvent
at pupation, but a treatment with 100 ng of methoprene induced TcKr-
h1 expression within 20 min (Fig. 6A). The TcKr-h1 transcript peaked
at 1 h after pupation (AP), decreased between 2 and 12 h AP, but was
still signiﬁcantly higher than in controls up to 96 h AP (Fig. 6A). The
maximum induction ratio of TcKr-h1 (methoprene/solvent) was
approximately 2000-fold. The amount of TcKr-h1 mRNA was depen-
dent on the dose of methoprene given (Fig. 6B). JH-III (1 μg) also
induced the expression of TcKr-h1, while 0.9 μg of farnesol had little
effect (Fig. 6C).
To examine whether TcKr-h1 is induced by JHM alone, abdominal
integuments of newly molted pupae were cultured with methoprene
(JHM) and/or 20E, and the transcript level of TcKr-h1was determined.
Hormone-free medium or 20E alone did not induce TcKr-h1
transcription, but JHM induced it signiﬁcantly, irrespective of the
presence or absence of 20E (Fig. 6D).
TcKr-h1 mediates the anti-metamorphic action of exogenous JHM in the
pupal–adult molt
As described above, JHM treatment at pupation prevented normal
adult development and caused the second pupal stage (Table 2). To
examine whether TcKr-h1 mediates the anti-metamorphic action of
exogenous JHM, TcKr-h1 dsRNA was injected before treating the
insects with JHM at pupation. With solvent treatment, all the animals
injected with EGFP or TcKr-h1 dsRNA developed into normal adults
(Table 3). EGFP dsRNA-injected animals that were subsequently treated
with 10 or 100 ng of methoprene arrested as pupae (Table 3). In
Table 2
Effect of methoprene, JH-III, and farnesol on adult development of T. castaneum
Compounda Dose
(/pupa)
N Pupal
arrest:
no ecdysis
Arrest
at 2nd
pupal
ecdysis
Pupal/adult
mosaicb:
no ecdysis
Pupal/adult
mosaicb:
incomplete
eclosion
Normal
adult
Solvent – 6 – – – – 6
Methoprene 100 ng 51 21 30 – – –
10 ng 25 – 23 2 – –
1 ng 27 – 2 24 1 –
JH-III 1 μg 34 – – 29 5 –
Farnesol 0.9 μg 35 – – – – 35
a Solution of each compound (0.2 μl) was applied topically on the dorsumwithin 2 h
after pupal ecdysis.
b A mosaic of pupal-like and adult-like cuticle underneath the pupal cuticle as well as
second pupal gin traps and second pupal urogomphi was formed.
Fig. 4. RNAi-mediated knockdown of TcKr-h1 in the larval stage. Approximately 30–40 nl
of TcKr-h1 dsRNA (5 μg/μl) was injected on Day 0_4th. The larval instar in which each
animal initiated metamorphosis is indicated in parentheses. Arrowheads, compound
eyes; arrows, pupal gin traps; asterisks, wings. Scale bars, 500 μm except for scanning
electronmicroscopic image in panel F (bar,1mm). (A) Awild-type larva in the 6th instar.
(B–E) TcKr-h1 dsRNA-injected animals that initiated precocious metamorphosis but
arrested as prepupae. (F, G) TcKr-h1 dsRNA-injected animals that arrested as prepupae
after removal of the larval cuticle with forceps. Pictures were taken with a stereoscopic
microscope (inset of F, lateral view of the abdomen; G, ventral view) and a scanning
electron microscope (F). (H) A wild-type pupa (left) and a miniature pupa that received
TcKr-h1 dsRNA (right); inset, dorsal view. (I, I′) A prothetelic 7th instar larva given TcKr-
h1 dsRNA that possesses pupal-like antennae.
Fig. 5. Interaction of TcMet and TcKr-h1 in JH signaling in the larval stage. Approximately
30–40 nl of dsRNA (5 μg/μl) of EGFP, TcMet or TcKr-h1_2 was injected on Day 0_4th, and
the transcript levels of TcMet (A) and TcKr-h1 (B) were determined 6 days later. The
treatments not sharing the same letter are signiﬁcantly different (pb0.01), as deter-
mined by ANOVA and a post-hoc Tukey multiple comparison of the means. Means and
standard deviations of data from 4 individual larvae are shown. (A) The TcMet transcript
level in 0 h to 24 h-old pupae (Fig. 2D) was set as 100. (B) The TcKr-h1 transcript level of
the ﬁrst instar larvae (Fig. 2A) was set as 100.
346 C. Minakuchi et al. / Developmental Biology 325 (2009) 341–350contrast, TcKr-h1 dsRNA-injected animals underwent most of adult
development even after methoprene treatment (Table 3 and Figs. 7F, G).
Injection of either TcKr-h1_1 or TcKr-h1_2 dsRNA followed by treatment
with methoprene caused a similar phenotype (Table 3), indicating that
this is a speciﬁc effect of TcKr-h1 RNAi.TcKr-h1 works downstream of TcMet, and upstream of Tcbr, in
JH signaling in the pupal–adult molt
The effects of exogenous JHM on the expression of TcMet and Tcbr
were also examined. Treatment of newly molted pupae with 100 ng of
methoprene did not affect the TcMet mRNA level except for a slight
down-regulation at 12 h AP (Fig. 6E). The Tcbr transcript was normally
detected in the Day 0_pupa, then decreased to a very low level by Day
1 and remained low thereafter (Fig. 2F). However, treatment with the
same dose of methoprene caused up-regulation of Tcbr at 24 h AP and
thereafter (Fig. 6F), just as observed by Konopova and Jindra (2008).
Lower doses (1 and 10 ng) of methoprene were also effective at
inducing the expression of Tcbr (Fig. 6G).
The role of TcMet and Tcbr in JH signaling was examined by
injecting a test dsRNA in the prepupal stage and subsequently treating
newly molted pupae with 10 ng of methoprene (JHM) or solvent. All
animals injected with TcMet dsRNA developed into normal adults
after solvent treatment (14/14, Table 3 and Fig. 7C). After JHM treat-
ment, the majority of TcMet dsRNA-injected animals developed into
normal adults (7/44) or adults with slight pupal characteristics such as
second pupal urogomphi (26/44), while the rest (11/44) were arrested
before or during eclosion with a mosaic of pupal and adult characters
(Table 3 and Fig. 7D), indicating that the knockdown of TcMet counter-
acted the anti-metamorphic action of JHM. This result was consistent
with the previous report by Konopova and Jindra (2007), although in
their experiment pupae were dipped into methoprene solution, and
therefore the exact dose of methoprene is hard to calculate. Injection
of Tcbr dsRNA just before pupation resulted in incomplete eclosion
(39/39), and second pupal-like urogomphi were formed in a few cases
(2/21) without JHM treatment (Fig. 7H and Table 3). This was
Fig. 6. Transcript levels of TcKr-h1, TcMet and Tcbr in pupae in the presence of JH and related compounds. The transcript levels were examined by quantitative RT-PCR, and means and
standard deviations are shown (N=3). (A, E, F) Pupae within 30 min AP were topically treated with 100 ng of methoprene or solvent, and temporal expression patterns of TcKr-h1 (A),
TcMet (E) and Tcbr (F) were examined. Closed circles, solvent-treated controls; open circles, methoprene-treated animals. (B, G) Pupae within 2 h AP were topically treated with
solvent or various doses of methoprene, and mRNA levels of TcKr-h1 (B) and Tcbr (G) were determined 48 h later. (C) Pupae within 30 min AP were treated topically with solvent,
0.9 μg of farnesol, 1.0 μg of JH-III, or 100 ng of methoprene, and TcKr-h1 mRNA levels were determined 1 h and 8 h later. (D) Abdominal integuments of newly molted pupae were
dissected, cultured with 1 μM20-hydroxyecdysone (20E) and/or 1 μMmethoprene (JHM) for 1 h, then the TcKr-h1 transcript was quantiﬁed. (A–D) The TcKr-h1 transcript level in 1 h-
old pupae that had been treated with 100 ng of methoprene (A) was set as 100. (E) The TcMet transcript level in 0 h to 24 h-old pupae (Fig. 2D) was set as 100. (F, G) The Tcbr transcript
level in 0 h-old pupae (F) was set as 100.
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knockdown of either Tcbr-Z1 or Tcbr-Z4 caused reformation of pupal
cuticle and urogomphi, indicating that Tcbr function is likely to be
involved in the normal shutdown of the JH system before adult
development. After JHM treatment, the majority of Tcbr dsRNA-
injected animals developed into pharate adults with some pupal traits
(Fig. 7I and Table 3), suggesting that knockdown of Tcbr reduced the
responsiveness to exogenous JHM compared with the EGFP dsRNA-
injected animals.
It has been reported that TcMetworks upstream of Tcbr in the anti-
metamorphic action of exogenous JHM in the pupal–adult transition
(Konopova and Jindra, 2008). In D. melanogaster, Kr-h1 acts upstream
of br in the anti-metamorphic action of exogenous JHM in the pupal–
adult transition (Minakuchi et al., 2008b). We examined the interac-
tion of TcKr-h1, TcMet and Tcbr by RNAi experiments in combination
with JHM treatment. At 48 h after JHM treatment, the TcMet transcript
was suppressed in the animals injected with TcMet dsRNA compared
to uninjected or EGFP dsRNA-injected animals, irrespective of solvent-
or JHM-treatment, but the TcMet transcript was not signiﬁcantly
suppressed in the animals injected with either TcKr-h1 or Tcbr dsRNA
(Fig. 7J). The TcKr-h1 transcription was induced by JHM treatment in
the controls (Fig. 7K). This induction was not observed in the animalsinjected with TcMet dsRNA, and was much smaller in animals injected
with TcKr-h1 dsRNA, whereas it was comparable to the controls in
animals injected with Tcbr dsRNA (Fig. 7K). The induction of Tcbr by
JHM was not observed in the animals injected with dsRNA of TcMet,
TcKr-h1 or Tcbr (Fig. 7L). These results indicate that TcKr-h1 works
downstream of TcMet, and upstream of Tcbr, in the signaling of
exogenous JHM in the pupal stage.
Discussion
More than 70 years have passed since the anti-metamorphic action
of JH was ﬁrst discovered by Wigglesworth (1934, 1936), but our
knowledge of the molecular mechanisms underlying it still remains
limited. Met has been identiﬁed as a candidate JH receptor, but the
signaling downstream of it remains unclear. Recently, it was reported
that the expression of Kr-h1 is inducible by exogenous JHM in the
pupal–adult transition of D. melanogaster (Minakuchi et al., 2008b),
but the function of Kr-h1 in JH signaling in the larval stage and the
interaction between Kr-h1 and Met were unknown in any insect
species. This study provides evidence that in T. castaneum Kr-h1 is an
essential mediator of the anti-metamorphic action of JH working
downstream of Met. Its transcription is stimulated by JH in both the
Table 3
Phenotype of T. castaneum injected with dsRNA in the prepupal stage, and treated with a JH mimic (JHM), methoprene
dsRNA Dose of JHM
(/pupa)a
N Pupal arrestb:
no ecdysis
Arrest at 2nd
pupal ecdysisb
Pupal/adult mosaicc:
no ecdysis
Arrest as
pharate adults
Pupal/adult mosaicc:
incomplete eclosion
Adults with slight
pupal charactersd
Normal
adult
EGFP Solvent 17 – – – – – – 17
100 ng 44 21 23 – – – – –
10 ng 24 2 22 – – – – –
TcKr-h1_1 Solvent 7 – – – – – – 7
100 ng 30 9 – 9 3 9 – –
TcKr-h1_2 Solvent 26 – – – – – – 26
100 ng 39 7 – 4 6 22 – –
10 ng 80 – – 4 – 13 29 34
1 ng 13 – – – – 4 – 9
TcMet Solvent 14 – – – – – – 14
10 ng 44 – – 3 1 7 26 7
Tcbr Solvent 39 – – – – 39e – –
10 ng 44 – – 44 – – – –
a 0.2 μl of methoprene solution was applied topically on the dorsum within 12 h after pupation. The same volume of acetone was applied as a control.
b Normal adult development such as formation of adult cuticle or adult legs did not occur.
c A mosaic of pupal and adult cuticle, second pupal gin traps or second pupal urogomphi was formed underneath the pupal cuticle.
d These adults were almost normal in external morphology, but some pupal characteristics such as patches of pupal cuticle on the sternite or second pupal urogomphi were found.
e Ecdysis was incomplete. Two out of 21 animals checked had second pupal urogomphi.
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correlated well with that of TcJHAMT (Minakuchi et al., 2008a), a
rate-limiting enzyme in JH biosynthesis (Shinoda and Itoyama, 2003;
Kinjoh et al., 2007; Niwa et al., 2008). Moreover, artiﬁcial suppression
of JH biosynthesis in the larval stage down-regulated the TcKr-h1
transcription, whereas subsequent JHM treatment re-induced it (Fig.
3). These results indicate that endogenous JH in the larval stage
maintains TcKr-h1 expression, and the disappearance of JH before
pupation shuts it off. The treatment of newly molted pupae with an
exogenous JHM caused a rapid and dramatic induction of TcKr-h1 from
a nearly undetectable level (Fig. 6A). The TcKr-h1 transcription wasFig. 7. Responsiveness of dsRNA-injected animals to subsequent methoprene treatment. Prep
of dsRNA (5 μg/μl), and were treated with 10 ng of methoprene just after pupation. (A, B) No
pupation. (C–I) Prepupae that received dsRNA of TcMet (C, D), TcKr-h1_2 (E–G) or Tcbr (H, I
pupation. Arrows, second pupal urogomphi. (B′, I′, I″) Pupal cuticle was removedwith forceps
EGFP, TcMet, TcKr-h1_2 or Tcbr, treated with solvent or methoprene within 2 h after pupati
Means and standard deviations are shown (N=4). (J) The TcMet transcript level in 0 h to 24 h-
received 100 ng of methoprene (Fig. 6A) was set as 100. (L) The Tcbr transcript level in 0 h-induced by JHM but not by 20E in isolated integuments (Fig. 6D),
indicating that other endocrine factors, such as ecdysone and
neuropeptides, are not necessary for this induction.
The knockdown of TcKr-h1 caused a precocious larval–pupal tran-
sition (Fig. 4), and this could not be prevented by treatment with JHM
(Table 1). TcKr-h1 is therefore necessary to maintain the larval state. In
this stage TcKr-h1 works downstream of the putative JH receptor
TcMet (Fig. 5). Based on these results, we propose a model of JH
signaling pathway in the larval stage (Fig. 8A): endogenous JH main-
tains continuous expression of Kr-h1 via Met, and Kr-h1 inhibits
metamorphic changes. The level of Kr-h1 declines to a low level at theupae whose larval ocelli had started to retract were injected with approximately 150 nl
rmal prepupae were treated with solvent (A) or methoprene (JHM; B) within 12 h after
) were treated with solvent (C, E, H) or methoprene (JHM; D, F, G, I) within 12 h after
. Bars, 1 mm except for B′, I′ and I″ (500 μm). (J–L) Prepupaewere injectedwith dsRNA of
on, and mRNA levels of TcMet (J), TcKr-h1 (K) and Tcbr (L) were determined 48 h later.
old pupae (Fig. 2D) was set as 100. (K) The TcKr-h1 transcript level in 1 h-old pupae that
old pupae (Fig. 6F) was set as 100.
Fig. 8.Models of JH signaling pathway in insect molting and metamorphosis in normal
larvae (A) and JH mimic (JHM)-treated pupae (B). See text for details.
349C. Minakuchi et al. / Developmental Biology 325 (2009) 341–350end of the larval stage (Figs. 2A, B) due to a decline in JH biosynthesis,
which allows initiation of metamorphosis.
Tcbr is known as a key player that promotes pupal development
(Konopova and Jindra, 2008; Parthasarathy et al., 2008a; Suzuki et al.,
2008). It has been suggested that JH suppresses premature induction of
Tcbr via TcMet in the larval stage (Konopova and Jindra, 2008). At
present, the interaction between TcKr-h1 and Tcbr until the penultimate
larval instar is obscure: in theprepupae that receivedTcKr-h1dsRNAand
precociously initiated metamorphosis, the transcript level of Tcbr was
not as high as that observed in normal prepupae (Minakuchi and
Shinoda, unpublished). We assume that the decline in TcKr-h1 level in
the ﬁnal larval instar might be responsible for the initial induction of
Tcbr, but other factor(s) would be required for the full induction of Tcbr
in the prepupal stage. The developmental expression proﬁles of TcKr-h1
and Tcbr (Fig. 2) suggest that TcKr-h1might be required for the full up-
regulation of Tcbr in the prepupal period.
TcKr-h1 is also necessary for the anti-metamorphic action of
exogenous JHM in the early pupal stage—the knockdown of TcKr-h1
blocked the formation of the second pupae (Fig. 7 and Table 3). In this
stage TcKr-h1works downstreamof TcMet, and upstreamof Tcbr (Fig. 7).
Integrating these data, we propose a signaling pathway for exogenous
JHM in the pupal stage (Fig. 8B): the TcKr-h1 transcript is normally
undetectable in the absence of endogenous JH,which allows the animals
to undergo the pupal–adult transition. In contrast, treatment with
exogenous JHM induces Kr-h1 expression viaMet, which in turn causes
induction of br and formation of a second pupa.
The crosstalk between ecdysone and JH cascades in insect meta-
morphosis remains an enigma. JH affects the expression of early
ecdysone-response genes such as br (Zhou et al., 1998b; Zhou and
Riddiford, 2002), E75 (Zhou et al., 1998a; Keshan et al., 2006) and E74
(Stilwell et al., 2003), but how JH modiﬁes the expression of these
genes has been unknown. Kr-h1was shown to mediate the transfer of
JH signals to br, an early ecdysone-response gene, in the pupal stage of
D. melanogaster (Minakuchi et al., 2008b) and of T. castaneum (this
study). In D. melanogaster, Kr-h1 is necessary for the normal expres-
sion of ecdysone-regulated genes such as E74, E75 and E93 (Pecasse
et al., 2000; Beck et al., 2004). Therefore, it is possible that JH modi-
ﬁes the expression of several ecdysone-response genes via Kr-h1. We
propose that Kr-h1 is one of the key elements connecting the ecdysone
and the JH signaling pathways.
In addition to D. melanogaster and T. castaneum, a homolog of the
Kr-h1 gene has been identiﬁed in hymenopteran honey bees A.
mellifera (Grozinger et al., 2003) and in the genome databases of the
dipterans Anopheles gambiae (XM_553466) and D. pseudoobscura(XM_001357144). In these last two species, functional analysis of this
gene has not been performed. In A. mellifera, the expression of Kr-h1
in young bees was affected by treatment with queen mandibular
pheromone (QMP) or JHM, and is likely to be involved in behavioral
changes in adult worker bees (Grozinger and Robinson, 2007).Whether
Kr-h1mediates anti-metamorphic signals of JH in A. mellifera larvae has
not been examined. Homologs of theMet and br genes have also been
found in several insect species such as the silkworm and the milkweed
bug (Erezyilmaz et al., 2006; Ijiro et al., 2004; Nishita and Takiya, 2004;
Reza et al., 2004; Wang et al., 2007), but the relationship of these genes
in the JH signaling pathway needs to be studied.
Molecular and biochemical studies to identify JH-response
elements (JHREs) in the promoter region of the Kr-h1 gene are in
progress. Further studies to identify proteins that bind to the JHRE,
possibly Met protein, should address the role of Met and Kr-h1 in JH
signaling. These studies will lead us into better understanding of the
molecular mechanism of the JH signaling.
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